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We report a study of the Cao.73Lao.27FeAs2 single crystals. We unravel a monoclinic to triclinic 
phase transition at 58 K, and a paramagnetic to stripe antiferromagnetic (AFM) phase transition 
at 54 K, below which spins order 45 ° away from the stripe direction. Furthermore, we demonstrate 
this material is substantially structurally untwinned at ambient pressure with the formation of 
spin rotation walls (S-walls). Finally, in addition to the central-hole and corner-electron Fermi 
pockets usually appearing in Fe pnictide superconductors, angle-resolved photoemission (ARPES) 
measurements resolve a Fermiology where an extra electron pocket of mainly As chain character 
exists at the Brillouin zone edge. 


Introduction. Both cuprates and Fe-based supercon¬ 
ductors, the two known high T c superconducting fami¬ 
lies, show rich emergent phenomena near the supercon¬ 
ductivity (SC) [lj]. To understand the mechanism of un¬ 
conventional SC, it is crucial to unravel the nature of 
these emergent orders. The newly discovered 112 Fe pnic¬ 
tide superconductor (FPS), Cai_ ;E La ;E FeAs2 (CaLall2), 
shows SC up to 42 K, the highest bulk T c among all 
nonoxide FPS [2]. It crystalizes in the monoclinic lat¬ 
tice as a derivative of the HfCuSi2 structure Hi with 
the presence of As chains in the spacer layers. Being an 
exceptional FPS where the global C4 rotational symme¬ 
try is broken even at room temperature (Fig. 1(a)), it 
is important to extract the similarities and differences 
between CaLall2 and other FPS so that critical ingredi¬ 
ents in inducing SC in FPS can be filtered. Efforts have 
been made to answer whether these nontrivial As chains 
result in obvious distinctions in the physical properties. 
Metallic spacer layers are suggested and a fast-dispersing 
band arising from As chains is observed 16 gj. However, 
until now, no systematic experimental study on this sys¬ 
tem has been performed to understand the competing 
emergent orders in these low symmetry systems, which 
is subject of this paper. 

The “parent” phase of CaLall2. Single crystals of 
Cao.73Lao.27FeAs2 were grown using the self-flux method. 
CaAs, La As, FeAs precursors and As powder were ground 
and mixed thoroughly at the ratio of 1.3:0.5:1:0.7. The 
mixed powder was then pressed into a pellet, loaded 
into an A1 crucible and sealed into a quartz tube un¬ 
der 1/3 argon atmosphere pressure. The ampule stayed 


at 1100°C for 72 hours, then slowly cooled down to 
875°C at a rate of 2°C/h, followed by water quench¬ 
ing. The partially melted pellet was then removed from 
the crucible and rinsed by deionized water to get rid of 
the flux. Silver-shining plate-like single crystals up to 
2 mm long were obtained. Thermodynamic and trans¬ 
port properties were measured using PPMS Dynocool and 
MMPS3 systems from Quantum Design. The elemental 
analysis was made on several single crystals using wave¬ 
length dispersive spectroscopy (WDS) in a JEOL JXA- 
8200 WD/ED combined microanalyzer. The WDS shows 
the average La concentration in these single crystals is 
0.266(9). For simplicity, we write the chemical formula as 
Cao.73Lao.27FeAs2- We have identified Cao.73Lao.27FeAs2 
as the “parent” compound of CaLall2 and demonstrated 
it is substantially structurally untwinned at ambient 
pressure and characterized by the presence of metallic 
spacer layers. 


The transport and thermodynamic properties of 
Cao.73Lao.27FeAs2 are summarized in Fig. l(a)-(b). The 
anomalies in resistivity and magnetization data around 
60 K are reminiscent of the ones observed in other 
magnetic FPS, which are associated with the struc¬ 
tural/magnetic ordering [9]. Gradual increase of the 
inter-plane resistivity, p±ab , is reminescent of the be¬ 
haviour found in 122 family of compounds Io|, E|, where 
it was assigned to pseudo-gap formation. The ratio of 
p-LdhIp// ah i ncreases from 15 to 30 upon cooling. If we 
assume no low-energy spin excitation exists akin to other 
magnetic FPS 0 , via fitting the low temperature C p by 
C p = 7T+/3T 3 , we find 7 is 12.2 mJ/mole K 2 and the De- 
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FIG. 1. Cao. 73 Lao. 27 FeAs 2 : (a) Electric resistivity p// a b ( I//ab ) and p± a b (I T ab) vs. T. Inset: The top view of the Fe and 
spacer As sublattices. The structure subtlety is exaggerated. Orange ball: Fe. Grey ball: As in the spacer layers. The orange 
and blue lines indicate Fe-Fe bond with bond length of Li,L 2 , T 3 and L4. if 7 — 90°. The dash lines enclose 

the unit cell, (b)Susceptibility X//ab and x±ab vs. T. (c) The neutron intensity of the nuclear (0 2 0)^ and the magnetic (1/2 
1/2 1/2) M peaks vs. T. (d) Heat capacity C p /T and dp// ab /dT vs. T. (e) The neutron intensity of the (1/2 1/2 1/2) M peak 
at 55 K and 54 K with offset, (f) The magnetically ordered volume fraction V and transverse relaxation rate a in ZF/xSR 
asymmetry spectra vs. T. (g) The neutron intensity of the (0 2 0)^ peak at 200 K and 4.5 K. (h) The polarized optical image 
at 290 K. i) The polarized optical image at 5 K. 


bye temperature 0d = 346 which is much higher than 
0d = 260 K in BaFe2As2 [iH 14], pointing to a stiffer 
lattice in CaLall2. To reveal the nature of the anoma¬ 
lies observed in Fig. l(a)-(b), neutron diffraction data 
were taken on Cao.73Lao.27FeAs2. The (0 2 0)^ nuclear 
Bragg peak intensity, measured on the single crystal I 
with multiple growth domains [15], increases below 58 K 
(Fig. 1(c)), signaling a structural phase transition. Mag¬ 
netic Bragg peaks appear at lower temperature. As a 
representative, the (1/2 1/2 1/2) M magnetic Bragg peak 
is shown in Fig. 1(e). It is absent at 55 K but clearly 
present at 54 K. These observations evidence a struc¬ 
tural phase transition at T s =58 K and an antiferromag¬ 
netic (AFM) phase transition at T m =54 K, consistent 
with the two-kink feature in the C p /T and dp/dT (Fig. 
1(d)). The temperature evolution of the magnetically or¬ 
dered volume fraction V was determined from fi SR data, 
as shown in Fig. 1(f) 0. For reference we also show 
temperature evolution of the transverse relaxation rate, 
< 7 , which is proportional to the local magnetic moment. 
The fact that a increases much slower below T m than 
V provides good evidence for homogeneous magnetic or¬ 
der in the sample. Due to the existence of T s /T m in 
Cao.73Lao.27FeAs2, we call it as the “parent” compound 
of CaLall2. The 42 K SC in Cao.82Lao.isFeAs2 arises 
from hole doping through Ca substitution on the La sites. 


Lack of substantial twinning below T s . A single crys¬ 
tal II of Cao.73Lao.27FeAs2 with only one growth domain 
was measured at HB-3A (Fig. 1(g)) [ll, 2- Within 
the measurements’ resolution, its (0 2 0)^ nuclear peak 
shows no broadening caused by extinction effect at 200 
K and 4.5 K. This is dramatically different from the 
BaFe2As2 at ambient pressure 0 - Inside BaFe2As2, the 
(2 0 0)* peak broadens below T s because of the forma¬ 


tion of structural twinning walls (T-walls), across which, 
the spin pattern, spin orientation and crystalline axis ro¬ 
tate 90° [18|, LL9[. Instead, Fig. 1(g) is reminiscent of 
the detwinned BaFe2As2 under 0.7 MPa 0 , where T- 
walls are wiped off and no (2 0 0)^ peak broadening 
appears. This suggests that either the sample is substan¬ 
tially untwinned or the twinning below T s is too weak to 
cause detectable broadening. Figure 1(h)-(i) show the 
polarized optical images taken on Cao.73Lao.27FeAs2- At 
290 K, the growth domains are bordered by the bright 
lines. Unlike the extra gum -sized structural domains ob¬ 
served in BaFe2As2 below T s 0 , none is observed in 
Cao.73Lao.27FeAs2 at 5 K. However, since good surface 
condition is critical to image the T-walls using this tech¬ 
nique, we can not preclude the T-walls formation. To 
examine if Cao.73Lao.27FeAs2 is indeed substantially un¬ 
twinned, a single crystal III with two growth domains 
was picked for the synchrotron x-ray diffraction mea¬ 
surement. The a axis in the growth domain A and B 
are rotated by 90° relative to each other [15[. Figure 
2(a) shows the synchrotron x-ray intensity of the (2 2 
0) A and (2 -2 0) B peaks of the growth domain A and 
B, respectively [15[. The slight separation of these two 
peaks even at 99 K comes from tiny differences in orien¬ 
tation/position between growth domains A and B. The 
profiles of both peaks include a 2° shoulder along the p 
axis. The shoulders are visible at 12 K but overlap at 99 
K since a projection along a 3rd, orthogonal axis is used 
to create the plot. In the non-reduced data the (2 2 0) A 
and (2 -2 0) B can be resolved at all temperatures, which 
unambiguously shows that neither peak splits below 58 
K 0. This is in sharp contrast with the 122, where the 
(2, 2, 0) synchrotron x-ray peak splits into two/four blobs 
with similar brightness below T s because of the structural 
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FIG. 2. (a) The synchrotron x-ray g vs. 2 6 diffractograms of the (2 2 0) A and (2 -2 0) s peaks from the growth domain A 
and B of Cao. 73 Lao. 27 FeAs 2 , respectively, g is a rotation of the crystal along an axis perpendicular to the x-ray beam, (b) 
The cartoon comparison of the magnetic and crystal structures between Cao. 73 Lao. 27 FeAs 2 and BaFe 2 As 2 in a single growth 
domain. Orange ball: Fe. Blue arrow: the spin direction. Orange ribbon: the spin stripe along which the spins order in parallel. 
The dash lines enclose the 2-Fe cell, (c) Splitting of the two reflections as determined by Gaussian fits. Inset: dAd/dT vs. T . 


twinning 0- A conservative estimation points to 95% 
of each growth domain being untwinned in single crystal 
III. This feature may be related to the As chains in the 
crystal, which make the T-walls formation energetically 
unfavorable in Cao.73Lao.27FeAs2, being consistent with 
the stiffer lattice suggested by the specific heat measure¬ 
ment. 

The magnetic structure. We determined the magnetic 
structure of Cao.73Lao.27FeAs2 based on 13 effective mag¬ 
netic reflections of the single crystal II (T^j. Figure 2(b) 
shows the comparison between it and BaFe2As2 in a sin¬ 
gle growth domain. Now we focus mainly on the mag¬ 
netic structure and defer the discussion of the crystal 
structure later. Since synchrotron x-ray diffraction shows 
that Cao.73Lao.27FeAs2 is substantially untwinned, no T- 
walls are considered in the neutron data fitting. We found 
that a reasonable fit requires two equal volumes with dif¬ 
ferent spin orientations (blue arrows) either along a or 
b axis |l_5| . Combining the fact that the sample is sub¬ 
stantially untwinned, this suggests the formation of the 
spin rotation walls (S-walls), across which the spin pat¬ 
tern and crystallographic axis stay the same but the spin 
orientations rotate [18| . Although the detailed magnetic 
structure of this compound is unique with the antipar¬ 
allel spins being off-head to each other instead of head- 
to-head, it has the same AFM stripe pattern with the 
wave vector of (1, 0) in the 1-Fe cell akin to other FPS 
00, being consistent with our DMFT calculations. 
The existence of “magnetic domains” with the easy axis 
45° or 135° away from the stripe direction suggests that 
the magnetic anisotropy energy of these two is so close 
to each other that they can practically coexist, consistent 
with the DFT anisotropy energy of ^0.1 meV / Fe. Our 
DMFT calculations predict an ordered moment of 1.0 
fiB / Fe, which agrees well with the experimental value, 


1.08(3) ii B / Fe. 


Monoclinic to triclinic structural phase transition. We 
now discuss the nature of the structural phase transition 
illustrated in Fig. 2(b). In all known magnetic FPS, be¬ 
cause of the magneto-elastic coupling, the onset of the (1, 
0) stripe magnetic order breaks the 4-fold rotational sym¬ 
metry and leads to a tetragonal to orthorhombic phase 
transition. As a result, the 2-Fe cell enclosed by dash 
lines in the lower panel of Fig. 2(b) distorts from an ex¬ 
act square to a rhombus with the short diagonal along 
the stripe direction [2l||. Since the magnetic wave vector 
of Cao.73Lao.27FeAs2 is the same as those in other mag¬ 
netic FPS, we expect similar type of magneto-elastic cou¬ 
pling, which breaks the only symmetry element of P2\ 
and reduces it to triclinic PI. This leads to 7 % 90°. 
Consequently, the 2-Fe cell distorts from a rectangle into 
a parallelogram (upper panel in Fig. 2(b)) and (T1+T3) 
is no longer equal to (T2+F4) below T s . Figure. 2(c) 
shows that upon cooling, the difference in d spacing be¬ 
tween these two reflections in Fig. 2(a) monotonically 
increases. A sharp kink at 58 K appears in dAd/dT. As¬ 
suming a ^ 90°, the Ad gives a cell with 7 = 89.92° and 
(Li+L 3)-(Z/2+F/4) = 0.007(4)A at 10 K [15|, suggesting 
weak spin-orbit coupling. 


Why is the electron overdoped FeAs layer magnetic in 
CaLall2 ? In Cao.73Lao.27FeAs2, the nearest neighbor 
As-As distance is 2.56(1) A. It is much shorter than 
the critical distance 3.00 A where As-As start bonding 
[22], but longer than the As-As single bond distance |23| , 
2.46A, suggesting the bond order is slightly smaller than 
1. Therefore we can model the effective charges here 
as Caoi 73 Lao[27[FeAs]^ 1 - 27_<5 ^ _ As^ 1+<5 ^ _ (d > 0). This in¬ 
dicates the FeAs layer is doped by 0.27 -5 electrons/Fe. 
ARPES data and DMFT calculations in the paramag¬ 
netic phase provide us quantitative understanding of the 



























4 


a) 112, x = 0.27 T = 67K b) 112, x = 0.27 c) DMFT, x = 0.3 e) DMFT 112, x=0.3 



FIG. 3. (a)The 2D contour of the ARPES Fermi surface (FS) of Cao. 73 Lao. 27 FeAs 2 at K z ~ i r/c in the 2 Fe/cell representation. 
The red and orange circles: the two hole pockets at the center T point. The blue ovals: the electron pockets at the corner 
M point. The purple lines: the extra electron pocket arising from the As chains at the X point, (b) The 2nd derivative of 
ARPES k — E maps. Two hole pockets at T points can be clearly identified in the Y-T cut. (c) The spectral function A(k, uj) 
of Cao. 7 Lao. 3 FeAs 2 from DMFT. The red color represents the projection of the orbital character onto the in-plane p orbitals 
of the As-chain atoms, (d) The 2D contour of the DMFT FS of CaLall2 (x = 0 and 0.3) at K z ~ 7 r/c. (e) and (f): The 3D 
DMFT FS of the CaLall2(Y = 0.3) (e) and the CaLall2(Y = 0.0) (f) in the 2Fe/cell representation. 


electronic structure. ARPES of Cao.73Lao.27FeAs2 shows 
a unique Fermiology among all FPS (Fig. 3(a)-(b)). Us¬ 
ing the s geometry (electric fields out of the emission 
plane), at 67 K, ARPES resolves two hole pockets at 
the Brillouin zone center Y and one oval-like electron 
pocket at the corner M akin to the other magnetic FPS 
[15j] • Interestingly, an extra electron pocket, which has 
never been observed before, appears at the Brillouin zone 
edge (X point). This is qualitatively consistent with the 
DMFT calculation (Fig. 3(c)-(e)). In addition to the two 
hole pockets (/? and 7) at Y and two similar-sized electron 
pockets at M with only FeAs layer character, DMFT also 
reveals one extra electron pocket at X with only As chain 
character (Fig. 3(c)). By calculating the volume differ¬ 
ence between the Fermi pockets at 7 and M, the DMFT 
calculation indicates the FeAs layer is doped by 0.17 e/Fe. 
Since the ARPES k z dispersion has not been measured, 
assuming all pockets are 2D-like, a rough estimation of 
the ARPES Fermi volume suggests a doping level of ^ 
0.2 e/Fe. Comparing with the prototype electron doped 
Bal22 [Hj], this value places Cao.73Lao.27FeAs2 as elec¬ 
tron overdoped. This seems inconsistent with the cur¬ 
rent consensus that the parent compound of a FPS is 
a semimetal with equal numbers of holes and electrons. 
A closer look into the Fermi surface (FS) shows that, 
despite of the overdoped nature, a reasonable FS nest¬ 
ing much stronger than the one in electron overdoped 
Bal22 |24j], survives in this “parent” compound. This 
highlights the important role of FS nesting in induc¬ 
ing structural/magnetic instabilities. On the other hand, 
Fig. 3(d) shows that the DMFT FS nesting is enhanced 
upon decreasing x (hole doping). Since experimentally 


the T s /T m are suppressed rather than enhanced with de¬ 
creasing x, this suggests that the superexchange interac¬ 
tion also plays a role in causing these instabilities. There¬ 
fore, this is one strong piece of evidence of the dual itiner¬ 
ant and localized nature of magnetism in FPS [Hj. Both 
the comparison of the ARPES FS between the “parent” 
and SC CaLall2 (nominal x=0.1, real x=0.18, T c = 42 
K) [1, HB] and the comparison of the DMFT FS between 
x = 0.3 and x = 0 CaLall2 (Fig. 3(e)(f)) reveal the 
As chains deeply affect the doping mechanism. With Ca 
doping, part of the holes create an extra 3D hole pocket 
(a pocket) at Y with a mixed Fe and As-chain nature j8], 
part of them fill the X electron pocket, and part of them 
distribute to the rest of the pockets. 


A tunable FPS with metallic layers can shed lights 
on the role of interlayer coupling on the interplay of 
magnetism and SC in FPS. Recently, 10-4-8 FPS fam¬ 
ily and Ba2Ti2Fe2As40 have been found to be self doped 
with metallic spacer layers m m . However, there is 
no good control on the extent of self-doping. Therefore, 
the CaLall2 system is more promising for the system¬ 
atic study of the impact of metallic layer in FPS. What’s 
more, since the C4 rotational symmetry is already broken 
even at room temperature, CaLall2 raises new opportu¬ 
nity to study the electronic nematicity, which lowers the 
rotational symmetry but keeps the translational symme¬ 
try and manifests as the in-plane electronic anisotropy of 
the 1-Fe cell 


Summary. In conclusion, Cao.73Lao.27FeAs2 with elec¬ 
tron over doped FeAs layer, is the “parent” compound of 
the CaLall2 FPS. The magnetic CaLall2 is substan¬ 
tially untwinned with S-walls under ambient pressure. 
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Furthermore, while the central-hole and corner-electron 
Fermi pockets appear with reasonable nesting, both the 
ARPES and DMFT unravel an extra electron pocket at 
the Brillouin zone edge originating from the As chains, 
establishing the As chains actively participating in the 
doping mechanism. These characteristics make this ma¬ 
terial a great platform to study the roles of electronic 
nematicity and metallic spacer layers in FPS. 
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